Abstract: Current pharmacotherapies for major depressive disorder (MDD) and bipolar depression (BDep) have a distinct lag of onset that can generate great distress and impairment in patients. Furthermore, as demonstrated by several real-world effectiveness trials, their efficacy is limited. All approved antidepressant medications for MDD primarily act through monoaminergic mechanisms, agonists or antagonists with varying affinities for serotonin, norepinephrine and dopamine. The glutamate system has received much attention in recent years as an avenue for developing novel therapeutics. A single subanesthetic dose infusion of the noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist ketamine has been shown to have rapid and potent antidepressant effects in treatment-resistant MDD and BDep. In a reverse translational framework, ketamine's clinical efficacy has inspired many preclinical studies to explore glutamatergic mechanisms of antidepressant action. These studies have revealed enhanced synaptic plasticity/synaptogenesis via numerous molecular and cellular mechanisms: release of local translational inhibition of brain-derived neurotrophic factor and secretion from dendritic spines, mammalian target of rapamycin activation and glycogen synthase kinase-3 inhibition. Current efforts are focused on extending ketamine's antidepressant efficacy, uncovering the neurobiological mechanisms responsible for ketamine's antidepressant activity in biologically enriched subgroups, and identifying treatment response biomarkers to personalize antidepressant selection. Other NMDA receptor antagonists have been studied both preclinically and clinically, which have revealed relatively modest antidepressant effects compared with ketamine but potentially other favorable characteristics, for example, decreased dissociative or psychotomimetic effects; therefore, there is great interest in developing novel glutamatergic antidepressants with greater target specificity and/or decreased adverse effects.
Introduction
Transient mood reactivity often accompanies both rewarding and stressful life events and facilitates adaptive responses to the environment. However, severe mood and behavioral dysregulation, for example, agitation or psychomotor retardation, over a prolonged period can be maladaptive to the individual and, among other possible outcomes, result in the major depressive episodes (MDEs) characteristic of major depressive disorder (MDD) and bipolar depression (BDep) . Perhaps the most distressing MDE symptom is suicidal ideation and behaviors; suicide is a leading cause of death among young individuals, for example, the third leading cause of death for subjects between 15 and 24 years old [Centers for Disease Control and Prevention, 2014] . In the first half of 2012, depression and suicide were brought to the forefront of public attention as the number of US Army deaths from suicide outpaced the number of combat casualties [Lineberry and O'Connor, 2012] .
More than 60 years ago, the discovery of tricyclic antidepressants and monoamine oxidase inhibitors arose out of serendipitous observations. These medications, designed with structural Ketamine and other N-methyl-D-aspartate receptor antagonists in the treatment of depression: a perspective review similarity to first-generation antipsychotics and antituberculosis drugs, respectively, had unintended antidepressant consequences. These firstgeneration antidepressants altered the reuptake, degradation or receptor pharmacodynamics of biogenic amines: serotonin, norepinephrine and dopamine. Subsequent research and development concentrated primarily on the fine tuning of monoaminergic neurotransmission with agents such as selective serotonin reuptake inhibitors, serotonin and norepinephrine reuptake inhibitors and newer atypical antidepressants. Although these newer agents had better safety and tolerability profiles, they were no more efficacious than the older agents. As a result, there was a clear impetus for research and development of novel pharmacological approaches to treat depression.
Preclinical antidepressant-like effects of the N-methyl-D-aspartate (NMDA) receptor antagonists AP-7 and MK-801 suggested that the glutamate system might be just such a novel experimental therapeutic approach [Trullas and Skolnick, 1990] . Ketamine, a noncompetitive NMDA receptor antagonist, was a reasonable translational candidate due to decades of safety and tolerability in the fields of anesthesia and neurology; nevertheless, there was (and continues to be) concern with the off-label use of ketamine as an antidepressant due to its pharmacological similarity to the potent psychotomimetic drug, phencyclidine (PCP), and its abuse liability, that is, as an hallucinogenic club drug. Over the course of the last 15 years, ketamine's rapid and robust antidepressant properties in MDD and BDep have been labeled by some leaders in the field as 'arguably the most important discovery (in depression research) in half a century' .
In this article, we will briefly review glutamatergic neurotransmission and clinical data supporting ketamine's antidepressant efficacy in major depression. We will then discuss reverse translational research into ketamine's mechanism of action in preclinical models of depression and review what is known about the neurobiology of ketamine's antidepressant efficacy in depressed populations. Finally, we conclude with a discussion of other NMDA receptor antagonists that have been studied in depressive disorders and future areas for exploration.
The glutamate system
Glutamate is the primary excitatory neurotransmitter in the mammalian central nervous system [Niciu et al. 2012] and, at physiological levels, is essential for dendritic development and neuronal growth [McKinney et al. 1999] . However, in excess, glutamate is excitotoxic to neurons. To prevent neuronal cell death from excessive glutamate, there are a number of receptors and reuptake mechanisms on both neurons and astrocytes to regulate glutamatergic neurotransmission (Figure 1 ). The NMDA receptor and another ligand (glutamate)-gated ionotropic receptor, the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, have been postulated to have critical roles in ketamine's antidepressant efficacy. At rest, the NMDA receptor's pore is blocked by magnesium ions, and the binding of glutamate releases this inhibition. This permits an influx of extracellular calcium ions and membrane depolarization. NMDA receptor activation and action potential generation stimulates a cascade of potential antidepressant-like effects such as increased brain-derived neurotrophic factor (BDNF) expression [Sanacora et al. 2008] . AMPA receptor activation, however, causes a rapid influx of sodium ions, which leads to membrane depolarization with faster kinetics than NMDA receptor stimulation. AMPA receptorstimulated depolarization extrudes magnesium from the NMDA receptor pore , which may account for the more rapid and delayed pharmacokinetics of AMPA and NMDA receptor-stimulated neuronal depolarization, respectively. The rapid nature of AMPA receptor excitation also results in a refractory desensitization, decreasing the strength of membrane depolarization upon subsequent glutamate binding to their cognate receptors [Sanacora et al. 2008] .
Clinical studies of ketamine in MDD and BDep
Single infusion studies Berman and colleagues reported the first ketamine depression study in 2000 (Table 1) . A small sample (n = 7) of unmedicated subjects with major depression were enrolled in a randomized, double-blind, placebo-controlled crossover study with a single subanesthetic dose (0.5 mg/kg) ketamine infusion over 40 minutes [Berman et al. 2000] . Depressive symptoms were measured using two metrics: the Hamilton Depression Rating Scale (HDRS) and the Beck Depression Inventory. HDRS scores significantly decreased with ketamine compared with placebo within 240 min and were maintained for at least 3 days [Berman et al. 2000 ]. This initial report was then replicated in a larger sample (n = 18) of treatment-resistant MDD [Zarate et al. 2006a] . Again, ketamine improved major depression symptoms within 2 h of infusion, and 71% and 29% met response and remission criteria, respectively, within 1 day. The antidepressant efficacy abated over time but, even a week after a single infusion, 35% still met response criteria [Zarate et al. 2006a ]. Valentine and colleagues again demonstrated the rapid and robust antidepressant efficacy of a single subanesthetic dose ketamine infusion in a single-blind, non-counter balanced trial of 10 patients with MDD [Valentine et al. 2011] . One of the major concerns with these . Ketamine-induced synaptoplasticity and rapid-acting antidepressant efficacy. At subnanesthetic doses, ketamine-induced NMDA receptor antagonism on GABAergic interneurons releases outflow (glutamatergic) neuronal inhibition, for example, cortical pyramidal neurons. This results in an acute glutamate 'surge' that then preferentially activates AMPA receptors to increase intracellular sodium (Na+) and fast excitatory currents. This stimulates numerous downstream second messenger/signal transduction cascades leading to the following: (1) eEF2K inhibition, (2) GSK-3 inhibition, and (3) mTOR activation. Other postsynaptic cellular and molecular effects stimulated by ketamine include increased AMPA receptor cycling, increased postsynaptic density protein expression, and dendritic spine morphogenesis (from immature filopodia-shaped spines to mature mushroom-shaped spines). The complex interplay of metabotropic glutamate receptors and exchangers on the surface of neurons and astrocytes regulate synaptic and extrasynaptic glutamate levels to facilitate recycling back to the presynaptic neuron and prevent excitotoxic cell damage/death. Black circles: glutamate; grey circles: glutamine; blue circles: BDNF; maroon channel: NMDA receptor complex; blue channel: AMPA receptor complex; red channel: glial transporter-1/excitatory amino acid transporter 2 (GLT-1/EAAT2); olive channel: system xC-; peach channel: vesicular glutamate transporter; maroon seven-transmembrane receptor: metabotropic glutamate receptor type 2/3; olive seven-transmembrane receptor: metabotropic glutamate receptor type 1/5; grey dimeric receptor: TrkB receptor. Akt, Ak thymoma/protein kinase B; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; eEF2, eukaryotic elongation factor 2; ERK, extracellular signal-regulated kinase; GABA, γ-aminobutyric acid; mTOR, mammalian target of rapamycin; NMDA, N-methyl-D-aspartate; SNARE, soluble NSF attachment protein receptor (superfamily); TrkB, tropomyosin-related kinase B. placebo-controlled studies, however, was the potential inadequacy of an inert placebo, which may hamper the integrity of the blind. To address this concern, Murrough and colleagues used a psychoactive placebo, intravenous midazolam, to capture the sedative and potentially dissociative effects of intravenous ketamine [Murrough et al. 2013a] . In 2013, they published a two-site randomized controlled trial of ketamine in treatmentresistant MDD (n = 73). In this parallel-design study with a 2:1 randomization scheme (2 ketamine:1 midazolam), ketamine had greater antidepressant efficacy at the primary outcome (24 h post infusion) as best exemplified by a 64% and 28% response rate in subjects randomized to ketamine and midazolam, respectively.
In addition to its efficacy in treatment-resistant unipolar depression, our group and others have demonstrated that ketamine has antidepressant efficacy in treatment-resistant BDep. In the first report of 18 treatment-resistant patients with bipolar depression maintained on therapeutic dose lithium or valproate alone and randomized to add-on ketamine or placebo, a single subanesthetic dose of ketamine had rapid (within 40 min) and sustained (up to 3 days) antidepressant efficacy; maximal antidepressant efficacy was observed at day 2 post infusion (d = 0.80) [Diazgranados et al. 2010b] . These results were then replicated in an identical design with a second independent sample (n = 15) with active treatment-resistant BDep [Zarate et al. 2012] . Permoda-Osip and colleagues recently reported the antidepressant efficacy of a single open-label infusion of ketamine in patients with active BDep (n = 42) also maintained on mood stabilizers [Permoda-Osip et al. 2014] . In addition, ketamine does not appear to induce hypo/mania at a greater rate than placebo infusion in susceptible subjects [Niciu et al. 2013c ]. Yet, some of the more nonspecific psychotomimetic effects of ketamine, for example, agitation and irritability, may be difficult to distinguish from the activating effects of monoaminergic antidepressants when given to patients with bipolar depression.
Multiple infusion studies
Due to the inconclusive or apparent lack of efficacy of studied maintenance/augmentation strategies, for example riluzole [Mathew et al. 2010; Ibrahim et al. 2012a] and electroconvulsive therapy [Abdallah et al. 2012; Järventausta et al. 2013 ], repeated-dose ketamine has now emerged as the most promising antidepressant maintenance strategy (Table 2) . aan het Rot and colleagues published preliminary data exploring the safety and efficacy of repeated ketamine infusions for treatment-resistant depression (TRD) [aan het , which was followed by a larger trial inclusive of these subjects [Murrough et al. 2013b] . Twenty-four medication-free patients with TRD received open-label ketamine three times a week over a 12-day period, and responders were then followed naturalistically for up to 83 days after their last infusion. After 12 days, the response rate was 70.8%, with a high positive predictive value of 4 h response predicting endof-trial response. During the naturalistic phase (which allowed for standard psychiatric treatment), the mean time to relapse was 18 days; however, around 30% of responders maintained response. Another repeated-dose ketamine study followed shortly, in which 10 patients with TRD received 0.3 mg/kg ketamine infused over 100 min (to approximately equal the total dose of ketamine received in the 0.5 mg/kg over 40 min infusion paradigms but with potentially fewer side effects) twice weekly until either remission was achieved or the subject received four total infusions [Rasmussen et al. 2013] . These subjects were then followed naturalistically for the following 4 weeks. A total of 10 subjects enrolled. Six patients received the maximum of four doses, and three and five patients were responders and remitters, respectively (leaving two nonresponders). Although firm conclusions on side-effect burden of lower versus higher dose ketamine cannot be drawn (as they were not compared head to head), serial lower-dose ketamine was safe and well tolerated in this repeated-dose paradigm. Finally, in the first ketamine depression study published outside of the United States, an Oxford group reported a repeated-dose ketamine trial of 28 medicated treatment-resistant patients with unipolar and BDep who received either weekly or biweekly 0.5 mg/kg × 40 minute ketamine infusions over 3 weeks for a total of three or six infusions, respectively [Diamond et al. 2014 ]. This study also assessed patients for cognitive deficits at day 21, as, based on studies in ketamine abusers, cognitive difficulties could limit the utility of repeated-dose ketamine administration [Morgan et al. 2008 [Morgan et al. , 2009 [Morgan et al. , 2010 [Morgan et al. , 2012 . In this study, eight patients responded and four patients remitted (29% and 14%, respectively) without cognitive impairment. Additionally, in a 6-month naturalistic follow up, there was a broad range in time to [2010] study.
BDep, bipolar depression; MDD, major depressive disorder; TRD, treatment-resistant depression.
relapse: 70 days (28-168 days). Finally, there is a case report of a 44-year-old patient with TRD who received more than 40 ketamine infusions over several months [Blier et al. 2012] . Although her depression initially abated and there were no observed cognitive deficits, ketamine was not as efficacious on repeated dosing, potentially indicating tachyphylaxis. Taken together, repeated subanesthetic dose ketamine administration appears to be safe, well tolerated and efficacious in depression research studies; yet, there are currently insufficient data to recommend long-term off-label use in a nonresearch milieu.
Alternative modes of administration
While more work is needed to further explore repeated dosing, other studies have examined alternative methods of delivery: oral [Irwin and Iglewicz, 2010; Paslakis et al. 2010; Irwin et al. 2013; De Gioannis and De Leo, 2014] , intramuscular [Cusin et al. 2012] , sublingual [Lara et al. 2013] , and most recently, intranasal [Lapidus et al. 2014 ], which will be reviewed in detail as follows.
Oral
Oral ketamine has much lower bioavailability (20%) compared to nonparenteral forms. Nonetheless, the ease of administration, especially for repeated dosing, makes oral ketamine an attractive candidate in select patient populations, for example, hemodialysis patients. After two case series demonstrating preliminary efficacy in major depression [Irwin and Iglewicz, 2010; Paslakis et al. 2010] , a systematic oral ketamine study for depression occurred in a hospice/palliative care setting [Irwin and Iglewicz, 2010] . In this openlabel study, hospice patients with depression received oral ketamine (0.5 mg/kg) daily for 28 days. Of the eight subjects who completed the study (four subjects withdrew after day 14 due to lack of efficacy, one subject withdrew due to 'rapid decline in condition unrelated to ketamine' and one subject withdrew due to 'mental status changes unrelated to ketamine'), oral ketamine had significant antidepressant and anxiolytic efficacy. Even in this medically compromised patient population, side effects were minor and relatively rare, for example, diarrhea, insomnia and akathisia. This was most recently followed by a case series of two patients with TRD and suicidal ideation, in which escalating-dose oral ketamine (from 0.5 mg/kg to up to 3 mg/kg with boosters) had sustained antidepressant and antisuicidal effects [De Gioannis and De Leo, 2014] .
Intramuscular
Intramuscular ketamine has similar bioavailability (93%) to intravenous ketamine. When simulated at equal doses to a slow intravenous infusion, intramuscular ketamine had higher peak exposure (with the additional benefits of not requiring an infusion pump and potential administration in patients with poor intravenous access) [Glue et al. 2011] . To test its antidepressant efficacy, intramuscular open-label ketamine was given to two patients with treatment-refractory depression at ascending doses (0.5, 0.7 and 1.0 mg/kg). A dose-dependent antidepressant response was observed, and, at the highest dose, remission was achieved in one patient at 24 h post injection. A second case series reported on repeated intramuscular ketamine for treatment-resistant bipolar II depression [Cusin et al. 2012] . Both patients with treatment-resistant bipolar II depression received nonintramuscular preparations of ketamine before receiving repeated (from 32 to 100 mg every 3-4 days over several months) intramuscular ketamine. This resulted in depression improvement, and, after months of intramuscular administration, there was an expected side-effect profile (irritability, headaches, nightmares and dissociation) without the medical sequelae seen in ketamine abusers, for example, cystitis. A follow-up case series in two Indian patients with depression also reported rapid antidepressant efficacy to intramuscular ketamine [Harihar et al. 2013] . Finally, in a small (n = 9 in each group) randomized, open-label design, a separate Indian group reported antidepressant noninferiority (up to 3 days) with 0.25 mg/kg intramuscular ketamine compared with both 0.5 mg/kg intramuscular injection and 0.5 mg/kg intravenous infusion [Chilukuri et al. 2014] .
Sublingual
Due to its slightly improved bioavailability (~30%) compared with oral ketamine, there is also theoretical interest in sublingual administration. In 27 outpatients with current unipolar and bipolar depression, variable administration (every 2-7 days of add-on escalating (but still subanesthetic) dose sublingual ketamine had antidepressant efficacy in 20 patients (77% of sample) [Lara et al. 2013] . Sublingual ketamine was also well tolerated; the most common side effect was transient lightheadedness. However, unlike intravenous or intramuscular preparations, there was no reported dissociative or psychotomimetic side effects from repeated sublingual dosing.
Intranasal
Finally, in a randomized, double-blind, crossover, placebo-controlled trial, 20 patients with major depression were randomized to either intranasal ketamine (50 mg) or a saline solution with the primary outcome being depression change at 24 h [Lapidus et al. 2014] . There was a significant antidepressant effect of intranasal ketamine at 24 h post infusion [mean Montgomery Åsberg Depression Rating Scale (MADRS) change = 7.6 ± 3.7, 95% confidence interval: 3.9-11.3]. Intranasal ketamine was associated with only minor changes in hemodynamic, dissociative and psychotomimetic parameters, which may distinguish it from intravenous ketamine where dissociative side effects are more prominent (but also positively correlated with ketamine's antidepressant efficacy ).
Antisuicidal effects
In addition to its antidepressant and anxiolytic effects, ketamine has been reported to have antisuicidal properties. In 33 subjects with TRD who received a single open-label infusion of 0.5 mg/kg ketamine, suicidal thinking (as measured by the Scale for Suicide Ideation) was reduced within 40 min and maintained for up to 4 h post infusion [DiazGranados et al. 2010a] . In addition to the more explicit reduction of suicidal thinking, the Implicit Association Test, an assessment of suicidal cognition and potential predictor of future suicidal behavior, has been studied in the context of ketamine infusion, which has also revealed reductions in implicit suicidal thinking [Price et al. 2009 [Price et al. , 2014 . Our group recently published a secondary data analysis of 108 patients with treatment-resistant major depression (both MDD and BDep) who received a single subanesthetic dose infusion of ketamine to study the relationship between improvements in depression/anxiety and suicidality; in this sample, improvements in suicidal thinking were partially related to improvements in neuropsychiatric symptoms, explaining up to 20% of the antisuicidal effect [Ballard et al. 2014] . Interestingly, in another secondary analysis of the same sample, a lack of a lifetime history of suicide attempt predicted improved antidepressant response to ketamine at 1 week post infusion [Niciu et al. 2014b] . Nevertheless, as these studies were not conducted in patients who were acutely suicidal and presenting for intervention, these studies are likely investigating chronic as opposed to acute suicidal ideation with greater potential for suicidal behaviors. In the only published study of patients who were acutely suicidal and encountered in an emergency setting, open-label intravenous ketamine (0.2 mg/kg intravenous push over 1-2 min) had both acute antidepressant and antisuicidal effects in 14 patients with depression [Larkin and Beautrais, 2011] . There are several studies currently listed on ClinicalTrials.gov for the treatment of suicidality with ketamine, including a Janssen-sponsored study investigating repeated-dose intranasal esketamine in emergency departments across the United States [ClinicalTrials.gov identifier: NCT02133001].
Safety and tolerability
As mentioned, ketamine has been used safely and effectively as a dissociative anesthetic since its introduction in the 1960s [Domino, 2010] . Subanesthetic dose ketamine has been used in neuropsychiatric research for more than two decades, initially as provocative challenge in patients with schizophrenia and to induce transient psychotic-like effects in healthy volunteers. Yale's experience with subanesthetic dose ketamine in neuropsychiatric research with healthy volunteers was collated in 2007 [Perry et al. 2007] . They reported on 450 subjects who received a total of 833 ketamine infusions. Only 10 adverse mental status changes related to ketamine were observed; these effects, for example, excessive sedation and acute dysphoria, were mostly intra infusion and all but one resolved entirely by the end of the testing day. In a subset agreeable to longer follow up, only three patients experienced adverse effects, for example, fatigue, nausea, headache, lightheadedness and nightmares/vivid dreams, in the week after infusion. There were also no observed post-infusion neuropsychiatric sequelae, for example, increased anxiety or cravings for ketamine. After the publication of this report, however, another Yale group reported two cases of next-day dysphoria, anxiety and suicidal ideation in 2 of 10 subjects with treatment-resistant obsessive-compulsive disorder (OCD), a history of MDD and personality vulnerabilities who received open-label subanesthetic dose ketamine for the treatment of OCD [Niciu et al. 2013a] .
Mt Sinai and Baylor also recently reported a systematic analysis of their safety and tolerability data inclusive of both their psychoactive placebo (midazolam) and multiple infusion studies [Wan et al. 2014] . Safety, tolerability and acceptability data were pooled from 97 patients with MDD who received a total of 205 intravenous ketamine infusions between 2006 and 2012 with a subset agreeable to longer-term follow up. Four of 205 infusions were discontinued due to adverse events: two with increased blood pressure, one with increased anxiety and one with transient hypotension and bradycardia during venipuncture. The all-cause attrition rate was 3.1%. In this cohort, the most common adverse events were sedation, dizziness, lightheadedness, incoordination, blurry vision and feeling 'strange or unreal'. Subanesthetic dose ketamine also caused a significant but transient increase in dissociation and hemodynamic vital sign changes. No patients reported any long-term problems from ketamine research participation, and the majority of patients (35/46) considered ketamine infusions at least 'somewhat acceptable' (with 22 considering it 'very acceptable') on a five-point Likert scale.
Ketamine's antidepressant mechanisms of action

Pharmacology
As a synthetic derivative of phencyclidine (PCP), ketamine has moderate affinity for the NMDA receptor as a noncompetitive antagonist. By binding to the PCP binding site in the ion pore, ketamine prevents the typical influx of calcium ions in response to binding of the coagonists glutamate and glycine . The R(-) and S(+) enantiomers of ketamine also have differential affinity for the NMDA receptor, with the S(+) having greater binding potential and biological potency. The latter has been demonstrated physiologically by decreased plasma concentrations with successful anesthesia [White et al. 1980] . As described in greater detail below, NMDA receptor blockade leads to increased synaptic glutamate release, which then preferentially favors AMPA receptor activity [Sanacora et al. 2008] . Ketamine is also a µ-opioid receptor agonist at approved anesthetic doses . Despite its superior affinity for NMDA receptors, ketamine's opioidergic (and potentially its monoaminergic) properties may also be critical for its antidepressant and anxiolytic efficacy.
Preclinical studies
The prevailing cellular and molecular hypotheses for ketamine's mechanism of action is that NMDA receptor blockade on cortical γ-aminobutyric acid(GABA)ergic interneurons releases the tonic inhibition on major output neurons, for example, cortical pyramidal cells [Moghaddam et al. 1997 ]. This loss of inhibition then increases acute synaptic glutamate release/ cycling [Chowdhury et al. 2012] (although a recent report indicates that ketamine reduces the presynaptic release machinery in the rodent hippocampus) [Müller et al. 2013] , increased AMPA to NMDA postsynaptic throughput [Maeng et al. 2008; Andreasen et al. 2013; Koike and Chaki, 2014] and the activation of second messenger/signal transduction cascades [Niciu et al. 2013b ]. We will now review some of the molecular players that have been implicated in these processes. An intriguing difference between the mechanisms of ketamine and monoaminergic antidepressant therapies is ketamine and other NMDA receptor antagonists' rapid (within 24 h) neuroplastic effects, increased synaptic protein expression, dendritic spine morphogenesis (filopodia to mushroom shaped spines) and excitatory postsynaptic currents [Hoeffer and Klann, 2010; , that appear necessary for antidepressant action.
BDNF. BDNF is the most abundant neurotrophin in the brain, and its activation of tropomyosinrelated kinase B receptors stimulates neural growth, survival, and plasticity. Ketaminestimulated translation of BDNF in dendritic spines of hippocampal pyramidal neurons may be essential for ketamine's rapid-acting antidepressant-like effects in rodents [Autry et al. 2011] . When challenged on the forced swim test, an intraperitoneal injection of subanesthetic-like dose ketamine (3.0 mg/kg) had minimal antidepressant effects in inducible BDNF knockout mice. When C57BL/6 adult male mice were injected with anisomycin, a translational inhibitor, antidepressant-like effects were also not observed. However, antidepressant effects were seen when a separate cohort of C57BL/6 adult male mice were treated with actinomycin D, a RNA polymerase transcriptional inhibitor, suggesting that translation but not transcription is necessary for ketamine's rapid antidepressant-like action. Monteggia and colleagues then demonstrated that ketamine decreased eukaryotic elongation factor 2 kinase (eEF-2K) activity. eEF-2K normally phosphorylates eEF-2, which halts translation. However, because ketamine inhibits eEF-2K functioning, eEF-2 activity predominates, which results in greater local BDNF translation in dendritic spines [Autry et al. 2011] .
Mammalian target of rapamycin. In preclinical models of despair, ketamine activates mammalian target of rapamycin (mTOR), which is a critical hub of cellular growth and proliferation [Hay and Sonenberg, 2004] . Ketamine increased mTOR phosphorylation and other downstream molecular targets critical for transcriptional activation within 1 hour of administration [Li et al. 2010] . Twenty-four hours following ketamine exposure, greater numbers of mature dendritic spines were observed. These molecular and cellular effects were lost if the rodent was pretreated with rapamycin, an mTOR antagonist. Interestingly, rapid antidepressant-like behaviors in rodents were only observed following treatment with low doses (10-20 mg/kg) as opposed to higher anesthetic doses (80 mg/kg), suggesting an inverted 'U' dose-effect relationship. In all, these findings suggest that mTOR activation is necessary for ketamine's rapid-acting antidepressant effects in a rodent model of despair, which may occur through BDNF.
GSK-3.
Like lithium, ketamine inhibits glycogen synthase kinase-3 (GSK-3) by increasing serine phosphorylation. This phosphorylation is mediated through Ak thymoma/protein kinase B and is necessary for antidepressant-like effects in model rodents [Beurel et al. 2011; Zhou et al. 2014] . The combination of low (subeffective) dose NMDA receptor antagonists (including ketamine) and lithium also has synergistic antidepressant effects on the forced swim test in rodents [Ghasemi et al. 2010] . Finally, GSK-3 inhibition by lithium and a selective GSK-3 inhibitor (SB 216763) potentiates the antidepressant, synaptogenic and electrophysiological effects of subthreshold dose (1 mg/kg) ketamine, for example, mTOR activation, increased excitatory postsynaptic currents and dendritic spine morphogenesis [Liu et al. 2013] .
Clinical studies
We have recently reviewed the growing clinical literature on ketamine's antidepressant efficacy and treatment response biomarkers [Niciu et al. 2014a [Niciu et al. , 2014c . In this section, we will provide an update on additional studies published since those reports.
Clinical predictors
Our group analyzed subject-level data from 108 patients with major depression (both unipolar and BDep) to assess potential correlations between sociodemographic/clinical features and antidepressant efficacy at three time points: 230 minutes (same day), 24 hours (next day) and 1 week (sustained). In a multivariate linear regression, increased body mass index (BMI) correlated with ketamine's antidepressant action at 230 minutes and 1 day post infusion, a family history of an alcohol use disorder correlated at 1 day and 1 week post infusion and no lifetime personal history of suicide attempt correlated at 1 week only [Niciu et al. 2014b] . Permoda-Osip and colleagues performed a similar factor analysis in 42 patients with bipolar depression. In their sample, ketamine's antidepressant response was associated with both personal and family histories of an alcohol use disorder [Permoda-Osip et al. 2014] .
In our combined sample, dissociative side effects at the end of the 40 minute infusion predicted eventual antidepressant improvement at both 230 minutes and 1 week afterwards; hemodynamic and psychotomimetic side effects, however, did not correlate with ketamine's antidepressant efficacy at any of the aforementioned time points . However, in an independent sample of 27 hospitalized inpatients with depression, psychotomimetic side effects (as measured by the total score on the Brief Psychiatric Rating Scale) correlated with depression improvement with maximal effect observed at 1 week post infusion [Sos et al. 2013] . Ketamine-induced dissociative or psychotomimetic effects are, at least in part, reflective of a hypo-(NMDA receptor blockage) or hyper-(acute glutamate surge)glutamatergic state, and, although the adequacy of the blind and subsequent antidepressant expectancies may be called into question, these results suggest that the strength of NMDA receptor antagonism may be a critical component in predicting eventual antidepressant response.
Peripheral measures
Our group and others have examined several candidate peripheral measures as potential correlates of ketamine's antidepressant response. First, in a bipolar depressed sample of 10 ketamine responders, baseline serum vitamin B12 and vascular endothelial growth factor receptor 1 levels predicted response at 1 week post infusion [Permoda-Osip et al. 2014] . However, in an attempt to replicate the findings of this study, in our 83 patients stratified by diagnostic category and response/nonresponse, baseline peripheral vitamin B12 levels did not correlate with antidepressant efficacy [Lundin et al. 2014] .
Next, D-serine is a glial-derived partial agonist at the NMDA receptor glycine site that, at higher doses, acts as a functional antagonist. In 21 patients with TRD, lower baseline peripheral D-serine (and its precursor L-serine) levels correlated with greater antidepressant response to ketamine at 230 minutes post infusion, explaining up to 60% of the variance in antidepressant response [Moaddel et al. 2015] . Interestingly, acute administration of D-serine had antidepressant-like effects in a depression model in rodents [Malkesman et al. 2012] , and a homologue, D-cycloserine, had augmenting antidepressant effects in TRD but only at higher doses [Heresco-Levy et al. 2006 , 2013 .
After initial studies from our group suggested that peripheral BDNF levels do not correlate with ketamine's antidepressant response without genotypic stratification [Machado-Vieira et al. 2009; Laje et al. 2012] , several subsequent studies have reported a positive association between baseline serum BDNF and ketamine's antidepressant activity. In a sample of 22 subjects with TRD from the ketamine-midazolam study, plasma BDNF levels at 240 minutes were associated with greater antidepressant improvement at the same time point, 24 hours and 72 hours post ketamine infusion [Haile et al. 2014] . Similar associations were not noted when subjects received midazolam. As previously reported by our group, baseline serum BDNF levels did not correlate with antidepressant response in a multivariate linear regression analysis. A neurotrophin panel (including BDNF neurotrophin 3, neurotrophin 4, glial-derived neurotrophic factor, and nerve growth factor) was obtained in 25 patients with bipolar depression receiving mood stabilizers without adjunctive antidepressant medications who received a single subanesthetic dose ketamine infusion . At baseline, none of the studied neurotrophins correlated with antidepressant response (n = 13) versus nonresponse (n = 11) at 1 week post infusion. However, serum BDNF alone was significantly reduced at 1 week in bipolar depressed ketamine non-responders.
After demonstrating that SHANK3, a postsynaptic density protein that interacts with NMDA receptors, duplication mice display manic-like behaviors [Han et al. 2013] , we investigated peripheral SHANK3 levels as a potential biomarker of ketamine's antidepressant efficacy in treatment-resistant BDep. Greater baseline SHANK3 levels predicted ketamine's increased antidepressant efficacy at day 1 and day 3 post infusion [Ortiz et al. 2014] .
Neuroimaging. In the past year, there have been several interesting ketamine neuroimaging reports in depression. First, lower baseline left hippocampal volume was a positive predictor of ketamine's antidepressant improvement in 13 medicationfree patients with MDD (r = 0.66, p = .01), but this finding did not survive controlling for total brain volume, handedness, age, sex, height and race (r > 0.6, p = 0.13) [Abdallah et al. 2014] . There was also no correlation between baseline hippocampal volume and antidepressant improvement with midazolam. Next, 21 treatment-resistant patients with bipolar depression received [(18)-F]-fluorodeoxyglucose positron emission tomography scans to assess the metabolic rate of glucose (rMRGlu) after both placebo and ketamine infusions . Increased rMRGlu in the ventral striatum correlated with antidepressant improvement in BDep. In a voxel-wise analysis, left hippocampal rMRGlu decreased after ketamine versus placebo infusion, and increased subgenual anterior cingulate cortical (sgACC) rMRGlu post placebo correlated with antidepressant improvement post ketamine, suggesting sgACC rMRGlu as a potential treatment response biomarker. A subsequent study in the same sample analyzed ketamine's antianhedonic effects and rMRGlu, which, in addition to a reduction in anhedonia independent of depression improvement, reported a correlation between ketamine's antianhedonic effects and increased dorsal anterior cingulate cortex and putamen rMRGlu [Lally et al. 2014] . Interestingly, unlike overall depressive symptoms, ketamine's antianhedonic effects in BDep did not correlate with rMRGlu change in the ventral striatum, a brain area that was a priori hypothesized to correlate with anhedonia. Finally, in addition to the discussed correlation between higher SHANK3 peripheral levels and ketamine's antidepressant efficacy, peripheral SHANK3 levels also correlated with greater total and right amygdala volumes and increased rMRGlu in the amygdala and hippocampus [Ortiz et al. 2014 ].
Instead of a strict candidate protein approach, ketamine-associated plasma metabolomic profiles may identify novel associations not previously hypothesized to exist. As a specific example, metabolic profiles were obtained from 22 patients with bipolar depression maintained on therapeutic-dose lithium or valproate. In lithiummaintained ketamine responders at 230 minutes post infusion, baseline plasma levels of lysophosphotidylethanolamines and lysophosphotidylcholines were increased, which suggests that mitochondrial β oxidation of fatty acids may be important for ketamine's antidepressant effects . As a reminder, increased BMI also predicted ketamine's antidepressant efficacy at this time point, again suggestive of the potential importance of adipose tissue metabolism for ketamine's antidepressant action.
Other NMDA receptor antagonists in depression Some major clinical concerns with the use of ketamine as an antidepressant are its acute dissociative and psychotomimetic side effects as well as its potential abuse liability and neurotoxicity with chronic use. As a result, other NMDA receptor antagonists with oral administration or more benign side-effect profiles have been studied in depression. Memantine, another noncompetitive NMDA receptor antagonist approved to treat moderate to severe Alzheimer's-like dementia, showed preliminary antidepressant-like effects in rodent models of despair [Réus et al. 2010; Quan et al. 2011] . The first clinical report of memantine treatment for depression was an 8-week, double-blind, placebocontrolled study in which 5-20 mg/day memantine did not separate from placebo [Zarate et al. 2006b ]. Memantine has also been studied in BDep. In an 8-week randomized, placebo-controlled study of subjects with bipolar depression with poor treatment response to lamotrigine, escalating-dose memantine had better antidepressant success compared with placebo at 4 weeks. However, this effect was not sustained at trial endpoint [Anand et al. 2012] . In 2008, a case study reported antidepressant efficacy with repeated-dose ketamine followed by treatment with memantine; while it should be noted that the patient eventually was placed on seven psychotropic drugs, she remained in remission for 13 weeks [Kollmar et al. 2008] . Finally, Gideons and colleagues investigated mechanistic differences between memantine and ketamine in rodents [Gideons et al. 2014] . In this sample, memantine did not have antidepressant-like effects as detected by both the forced swim test and novelty-suppressed feeding paradigm. At physiological doses of magnesium (Mg 2+ ), ketamine but not memantine inhibited the phosphoryla-tion of eEF-2K and, hence, increased BDNF expression.
AZD6765 is another noncompetitive NMDA receptor antagonist with a Ki (inhibitory constant) similar to ketamine (AZD6765 = 0.56-1.48 μM; ketamine = 0.76 μM) [Mealing et al. 1999] , but lower trapping, that is, greater on-off NMDA receptor pharmacodynamics. Because ketamine has greater receptor trapping, AZD6765 may have antidepressant action without psychotomimetic or dissociative adverse effects. A single 150 mg AZD6765 infusion in unmedicated patients with TRD had antidepressant efficacy over placebo infusion without increased psychosis or dissociation; however, the antidepressant response was not as robust or sustained as with ketamine. AZD6765 had lower response rates, lower remission rates, and a shorter duration of effect . In a subsequent 3-week, placebo-controlled trial, patients with TRD received repeated adjunctive AZD6765 (now renamed lanicemine) infusions at two doses (100 and 150 mg); as hypothesized lanicemine had antidepressant efficacy without ketamine-like side effects [Sanacora et al. 2014b] . However, as presented at the 2014 American Society of Clinical Psychopharmacology annual meeting in Hollywood, FL, in a 6-week phase IIb study, adjunctive repeated-dose (50 and 150 mg) AZD6765/lanicemine failed to separate from placebo, potentially due to the large placebo effect (39% placebo response rate at trial end) [Sanacora et al. 2014a] .
Like nontrapping antagonists, subtype-specific NMDA receptor antagonists may also have less dissociative and other undesirable adverse effects. In an unpredictable foot shock paradigm, the NR2B antagonist Ro 25-6981 had antidepressantlike behavioral effects [Li et al. 2011] . Ro 25-6981 also increased the expression of postsynaptic and secondary messenger intermediaries (including mTOR) on a similarly rapid time course as ketamine (within 24 hours). Moreover, the antidepressant effects of Ro 25-6981 were negated by pretreatment with rapamycin [Li et al. 2010] . A randomized, double-blind, placebo-controlled study of the intravenous NR2B-selective receptor antagonist CP-101,606 in TRD (n = 30) displayed a 60% response rate (compared with 20% in the placebo group) [Preskorn et al. 2008] . Additionally, 78% of treatment responders maintained their therapeutic response for at least 1 week. Further development of this compound was halted due to potential cardiovascular toxicity, that is, QTc prolongation. Subsequently, a small, randomized, double-blind, placebo-controlled, crossover pilot study was conducted to assess the efficacy of an oral NR2B antagonist MK-0657 in treatmentresistant MDD [Ibrahim et al. 2012b] . Compared with placebo, MK-0657 demonstrated rapid antidepressant action as early as day 5. Although antidepressant improvement was demonstrated with other depression rating scales, no improvement was observed over placebo with the MADRS, the primary outcome measure. MK-0657 is now being developed by Cercor (renamed CERC-301).
Conclusion
2012 was a record year for the previous half decade in terms of new drug approvals; yet, the majority (33% of the list of 39 new drugs) had primary efficacy in oncology whereas neuropsychiatric drugs accounted for just around 5% [Mullard, 2013] . Furthermore, while other areas of medicine have seen significant reductions in morbidity and mortality, the same cannot be said for mental illnesses and suicidality [Insel, 2012] . Yet, the discovery of NMDA receptor antagonists as rapidly acting antidepressants has instilled hope for novel mechanisms of antidepressant action and reinvigorated the otherwise-stagnant 'me too' pool of antidepressant drug development. This momentum must continue if novel agents are to advance through the drug development pipeline.
There are many exciting unanswered clinical questions in ketamine depression research. As discussed above, the antidepressant efficacy of subanesthetic intravenous ketamine wanes after several days in most patients, so, as with traditional antidepressants, there is a need for additional studies with repeated dosing to examine the potential for tachyphylaxis. After achieving antidepressant response, the antidepressant effects may be maintained with intermittent dosing similar to 'booster' electroconvulsive therapy in the maintenance phase. Some other interesting avenues are continued studies of alternative/nonparenteral modes of administration and ketamine augmentation (including initial concurrent administration with traditional monoaminergic antidepressants to hasten efficacy).
One of the most pressing clinical issues is the continued lack of an antidepressant dose-response curve, especially as numerous preclinical studies have reported loss of antidepressant-like behavioral and molecular effects at anesthetic doses, for example, 80 mg/kg [Li et al. 2010; Chowdhury et al. 2012] . A National Institute of Mental Health-sponsored, multisite study [ClinicalTrials. gov identifier: NCT01920555] will attempt to address this issue with parallel-group, repeateddose infusions of the psychoactive placebo midazolam, and four doses of ketamine (0.1, 0.2, 0.5 and 1 mg/kg).
Finally, our group and many others remain very interested in translating preclinical findings to patients with depression by elucidating the neurobiological mechanisms underlying ketamine's rapid and robust antidepressant properties. This includes systematic study of enriched treatment subgroups, for example, patients with treatment-resistant depression and a family history of an alcohol use disorder [Phelps et al. 2009; Niciu et al. 2014b] [Clinical Trials identifier: NCT02122562] or dimensional anxious depression , to develop treatment response biomarkers and other surrogate endpoints for personalized antidepressant treatment selection.
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